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1. Optical absorption of intersubband transitions in Ing3;Gag;As/GaAs multiple
quantum dots.

Fourier-transform infrared spectroscopy technique was employed to investigate
the optical absorption coefficient of intersubband transitions in Si-doped
Ing 3Gag 7As/GaAs multiple quantum dot structures. Waveguides with 45° polished facets
were fabricated from molecular beam epitaxy grown wafers with different quantum dot
size. The measured maximum optical absorption coefficient was found to be in the order
of 1.10x10%m™. The peak position energy of the intersubband transition was observed to
shift toward lower energy when the quantum dot size is increased as expected. The
photoluminescence spectra were also measured for different samples with different
quantum dot size. The internal quantum efﬁ01ency was estimated to be in the order of
58% for a sample with 40 periods of 6nm dot size.

Quantum dots are currently attractmg much attention for their apphcatlon as
lasers and detectors as well as for their unique underlying physical properties. For
example, one rather attractive application makes use of intersubband transitions in
quantum dot structures for long wavelength infrared detection. The quantum dot
nanostructure offers a unique solution to the polarization problem that is encountered
when using quantum wells to engineer long wavelength infrared detectors. That is, one
significant drawback to the use of multiple quantum wells for detectors based on
intersubband transitions is that the absorption of normal incident photons is forbidden.
Due to the dipole selection rules associated with the intersubband transitions, the incident
photons must have a component (TM) of polarization normal to the structure interfaces to
~excite intersubband transitions and be absorbed. Typically, this requirement has been
met by illuminate the sample at the Brewster’s angle, polarizes the light with p-polarized
light, or adding a grating layer at the top of the detector structure. Using intersubband
transitions in quantum dots, where the selection rules allow normal incident light to
effectively couple with intersubband transitions, can remove this complication.

The results for long wavelength infrared detectors fabricated from quantum dots
are usually expressed in terms of photocurrents (see for example Refs.1-5) and/or
photoresponse (see for example Refs. 6-10). While there are extensive theoretical
calculations (see for example refs. 11- 21) on the optical absorption coefficient in
quantum dots, the reported experimental measurements are scarce and in some cases the
absorbance measurements are indistinguishable from the back-ground noise.”? In this
section, we report on the measurements of the optical absorption coefficient of the
intersubband transitions in Si-doped Ing3Gag7As/GaAs multiple quantum dot structures.
The peak position energies of the intersubband transitions of these samples were in the 9
toll um spectral range for quantum dot size of 4 to 7 nm. The Ing3Gay;As/GaAs
quantum dot structures were grown by a solid-source molecular beam epitaxy system on
semi-insulating (100) GaAs substrate. A typical structure consists of a 0.5 um thick Si-
doped GaAs buffer layer followed by 40-periods of Si-doped Ing3Gag7As dots and 30 nm
undoped GaAs barrier. The structure is then capped by a 0.5 pum thick Sl -doped GaAs
~ layer. The quantum dot layers are usually doped with [Si]~1.7x10'® cm?®. The growth
temperature of Ino 3Gag7As /GaAs multi-layers was 500 °C with background arsenic
pressure of 1x10 Torr. Several samples were grown with quantum dot diameter in the
range of 4 nm - 7 nm. Three samples were chosen for the present study with quantum dot




size of 4, 6, and 7 nm. A high-resolution x-ray diffraction experiment was performed on
the samples to confirm their thicknesses. The optical absorption coefficient and the PL
spectra were recorded using a BOMEM DAS8 spectrometer in conjunction with
continuous flow cryostat. The samples were cut into a waveguide geometry with the
facet being polished at 45°. The light beam was zigzagged across the width (w) of the
sample, which was typically 1.5 mm. The sample thickness (d) including the substrate
and the quantum dot structure is in the order 0.35mm. Thus, the number of passes (P) for
the present waveguides is P = w/[d x tan(57)] =3.

In Fig. 1.1 we plotted the optical absorption coefficient, measured at 77K, of the
intersubband transitions in three different multiple quantum dot structures. The optical
absorption coefficient spectrum of the 7nm sample was multiplied by a factor of 2 for
comparison reasons. As expected, the peak position energy of the intersubband transition
is red-shifted as the quantum dot size is increased. The spectral shape of the optical
absorption coefficient for the samples with quantum dot size of 6 and 7 nm is
symmetrical, which indicates a good uniformity of the quantum dot size. However, the
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Fig. 1.1. The optical absorption coefficient spectra of the intersubband transitions in Si-
doped Ing 3Gay.7As/GaAs multiple quantum dots measured at 77K were plotted for
three different samples with dot size of 4, 6, and 7 nm.

spectral shape of the sample with a quantum dot size of 4 nm is asymmetrical. This could
~ be explained by the fact that for this sample, there was a growth interruption and we
expected to obtain a different growth rate for part of the quantum dot layers. Hence, the
variation of the quantum dot size manifests itself in the asymmetrical line shape of the
optical absorption coefficient spectrum. The peak position energies of the intersubband




transitions reported in Fig. 1 indicate that the quantum dot structures are suitable for long
wavelength infrared detectors in the spectral range of 9 — 11 um. The full-width-at-half-
maximum of the spectra in this figure is much larger than that of the typical intersubband
transition spectra in multiple quantum wells, which makes the quantum dot structure
useful for broadband detectors. ,

The photoluminescence (PL) spectra were also recorded for the three samples and
are shown in Fig. 1.2. As expected, the interband transitions are blue-shifted as the
quantum dot size is decreased. This is demonstrated in the peak position shift of the PL
spectra as shown in Fig. 1.2. The full-width-at-half-maximum of the PL spectra is
approximately the same for the three samples, which is about 650 cm™ (80.6 meV).

The optical absorption coefficient spectrum for the sample with the quantum dot
size of 6nm shows a fine structure with extra small peaks around 780, 1020, 1090, and
1256 cm™. To investigate the origin of these peaks, we have grown an undoped sample
with a structure similar to the 6 nm doped sample. The optical absorption coefficient
spectra of both samples are plotted in Fig. 3. It is clear from this figure that the fine
structure is present in the undoped sample and therefore this structure is not generated
from the quantum dots. We believe that the origin of this structure is from a phase
correction problem inherited in the spectrometer due to the non-repeatability of the
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Fig. 1.2.  Photoluminescence spectra measure at 77K for three Si-doped

Ing 3Gay.2As/Gads multiple quantum dot samples with dot size of 4, 6, and 7nm.




aperture size. Another important observation from Fig. 1.3 is that the intersubband
transition is below the detection limit in the undoped sample. However, as has been
observed’, it is quit possible that the intersubband transition of the quantum dot detector

could be populated with electrons when a bias voltage is applied during the photocurrent
and/or photoresponse measurements.
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Fig. 1.3. The optical absorption coefficient spectra of the intersubband transitions in two
identical Si-doped and undoped Ing3;Gay7As/GaAs multiple quantum dot samples
measured at 77K. The quantum dot size in both samples was 6 nm.

The optical absorption coefficient is very important in calculating many detector
parameters. For example, the internal quantum efficiency, m,, can be defined as the

fraction of the incident intensity (I;) that is absorbed by the 1ntersubband transition in the
multiple quantum dots, which can be written as =

n,=,~1,)/1, 0

Where I, =1,(1- )", N is the number of the quantum dot layers, P is the number of

passes in the waveguide configuration, and € is the fractional absorption per quantum dot
layer. Thus Eq. (1) can be rewritten as

n, = 1-(1-¢)"} @




€ is related to the maximum absorbance (Am.x) according the following relationship:
Apax = -logio[(1 - Q)N'P]. It should be pointed out that the absorbance is not the absorption
coefficient. As a first approximation, the absorption coefficient can be obtained by
dividing the absorbance by the total thickness (/) of the active region. In this case,
I =N x P x t, where t is the quantum dot layer thickness. With the measured value of
Apmax = 0.383, N=40, and P=3 for the 6nm sample, one finds £ = 7.322x10. For this
value, the quantum efficiency, using Eq. (2), is calculated to be 58.6%. Similarly, the
quantum efficiency is also calculated as 49.5% and 33.5% for the 4 and 7nm quantum dot
size samples, respectively. The internal quantum efficiency expressed in Eq. (2) can thus
be reduced to § for N=P=1. The internal quantum efficiency calculated here is not
exactly the actual detector quantum efficiency (). But the relationship between them?*
can be expressed as 1 = 1, Pe, Where P, is the probability that a photoexcited carrier will
escape from the quantum dot and contribute to the photocurrent rather than be recaptured
by another quantum dot.

In order to compare the 6 nm quantum dot structures to a regular multiple
quantum well structure (MQWs), we tested a MQW sample of 50 periods 7.5 nm
GaAs/10 nm Aly3Gag7As MQWs. The GaAs quantum well was nominally doped with
[Si]~2x10'%cm™. The waveguide was constructed with the same dimension as the
waveguides fabricated from the quantum dots sample. The absorbance of the
intersubband transition in the MQWs was Ap.=0.392, which is comparable to the
absorbance measured for the 6 nm multiple quantum dots sample. Using Eq. (2), and
Amax = -logio[(1 - O], we calculated m, to be 59.4% for the 50 period MQWs.
However, by normalizing Amax for the MQWs to 40 periods instead of 50 periods, n, is
reduced to 51.4%, a slightly smaller value than that of the corresponding quantum dot
structure measured at 58.6%

In conclusion, the optical absorption coefficient of the intersubband transitions in
the spectral range of 9 — 11 pm for molecular beam apitaxy grown Ing;Gag;As/GaAs
multiple quantum dot layers was investigated as a function of quantum dot size. The
values of the optical absorption coefficient were measured to be in the order of
1.10x10%m™. The broad spectra reported in this study show that these structures are also
useful in broadband infrared detector applications. The internal quantum efficiency was
estimated to be in the order of 58% for the best samples investigated here, which is

comparable, if not better than the quantum efficiency obtained for the multiple quantum
wells.

2. Infrared optical absorbance of intersubband transitions in GaN/AlGaN multiple
quantum well structures.

Intersubband transitions in Si-doped molecular beam epitaxy grown GaN/AlGaN
multiple quantum wells on c-plane sapphire were investigated using Fourier-transform
infrared optical absorption technique. Several GaN quantum well samples were grown
with either AlGaN bulk or GaN/AlGaN short period superlattice barriers. The
measurements were made in a waveguide configuration utilizing a facet polished at 45° to
the c-plane. The integrated area of the intersubband transitions in several waveguides cut
from different location of the wafer was measured and from which we estimated the two-
dimensional electron gas (2DEG) density (¢). The measured values of ¢ are about two



orders of magnitude larger than the Si doping level of ~8x10'"cm™, which is consistent
with polarization effects particularly considering the large number of GaN/AlGaN
interfaces. The internal quantum efficiency of the intersubband transitions was estimated
to be in the order of 40% for samples with superlattice barriers.

[II-nitride materials have attracted tremendous interest for their applications to
ultraviolet, Blue/green diode lasers and LEDs, high temperature electronics, high-density
optical data storage, and electronics for aerospace and automobiles.”>?’ While most of
the applications of IlI-nitride materials lie in the visible and ultraviolet spectral region,
there has been increasing interest in this class of materials for the infrared spectral
region.”*? This interest stems from the fact that GaN/AlGaN system exhibits a large
conduction band offset (up to 1.7 eV for AIN barrier) that allow one to optically design
structures with intersubband transitions in the wavelength region spanning 0.7 — 14 pum.
Additionally, the intersubband transition relaxation time in GaN/AIGaN was predicted
theoretically’> > to be 100 fs (see also Ref. 32) at 1.55 pum, which is one order of
magnitude shorter than the relaxation time in InGaAs multiple quantum wells.*®

In this section, we report on the optical absorbance of the intersubband transitions
in Si-doped GaN/AlGaN multiple quantum wells grown by molecular beam epitaxy
(MBE). The total integrated area of the intersubband transitions was measured. The two-
dimensional electron gas (2DEG) density was calculated from the total integrated area
and found to be about two orders of magnitude larger than expected from the Si-doping
level of ~8x10'ecm™. Thus, the polarization-induced electrostatic charge formed at the
GaN/AlGaN interfaces is the dominant factor in the formation of the large values of
2DEG density in the quantum wells. The internal quantum efficiency of the intersubband
transitions was estimated to be in the order of 40% for most of the samples with
superlattice barriers.

The GaN/AlGaN multiple quantum well structures were grown on c-plane
sapphire (Al,O3) substrates using an MBE system with rf-plasma N, as active nitrogen
source. The 2 inch substrate was not rotated during the growth, which resulted in
nonuniform growth. An initial AIN buffer layer of ~50 nm was grown on nitiridated
Al O3 substrate as a template for the subsequent epilayers. The growth parameters thus
chosen consistently lead to Ga polarity film. Three wafers denoted A, B, and C were
chosen for the present study. The GaN quantum wells in the three samples were doped
with [Si] =8x10'7cm™. Wafer “A” consists of a buffer, which is made of 500 A AIN
followed by 0.5 pm GaN, and 50 periods of 35 A GaN/ 100 A Aly35GagsN multiple
quantum wells (MQWs) were grown. A cap layer of 300 A GaN was then grown at the
top of the quantum well structure. Wafer “B” consists of a buffer layer similar that of
sample “A” and 50 periods of the well/barrier structure. The well is 27.7 A doped GaN
and the barrier is made of four periods of 10A Si-doped GaN/15A Al ¢sGagasN. Wafer
“C” consist of 540A AIN and 1.33 um Si-doped Aly s0Gag soN buffer layer followed by 50
periods of well/barrier structure. The well is 13A GaN and the barrier consists of four
periods of 5A Si-doped GaN/10A AlggsGagssN. The cap layer of this wafer was 10 A
AlyssGagssN. The optical absorbance measurements were recorded using a BOMEM
DAS8 spectrometer in conjunction with continuous flow cryostat. The samples were cut
into waveguide geometry with the beveled facet having been polished at 45°. The light
beam was zigzagged across the width (w) of the sample, which was typically 2.5 mm.
The sample thickness (d) including the substrate and the quantum well structure is on the




order of 0.43mm. Thus, the number of passes (P) for the present waveguides is P = w/[d
X tan(69.6)] =2 assuming that the refractive index of the sapphire substrate is 1.7.

In Fig. 2.1, we show the absorbance of the intersubband transitions as a function
of wavelength for the three waveguide samples, which were cut from the center of each
of the three wafers The fine structure observed around 3.4 um is due to C-H local
vibrational modes.>” The intersubband transition spectra in this figure indicates that the
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Fig. 2.1. Absorbance spectra of intersubband transitions measured at 77K for three

waveguides cut from identical locations (center) of GaN/AlGaN multiple quantum well
wafers.

peak position energy is blue shifted toward higher energies as the well width is decreased
from 27.7A (sample B) to 13A (sample (C). However, the intersubband transition in
sample (A), which has a well width of 35A is very close to that of sample B. This
indicates that due to the no-uniformity of the wafers the actual well thickness of both
samples A and B is almost the same.

The uniformity of the wafers was investigated by cutting several waveguides from
each wafer and then run the absorbance measurements for each waveguide. Some of the
results are shown in Fig. 2.2. The intersubband transition spectra in Fig. 2.2 were
recorded for a sample (cut from the center of wafer B) measured at the Brewster’s angle
configuration, spectrum (a), and for four waveguides cut from the center [spectra (b) and
(c)], middle, spectrum (d), and edge, spectrum (f), of wafer B. It is clear from Fig. 2.2




that the peak position energy of the intersubband transition is almost the same for the
waveguides cut from the center of the wafer [see spectra (b) and (c)] but it is blue-shifted
(shorter wavelength) for the waveguide that was cut half way between the center and the
edge (we refer to this piece as the middle waveguide) of the wafer [see spectrum (d)].
The shift can be explained in terms of the reduction of the well thickness. However,
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Fig. 2.2. Several absorbance spectra of intersubband transitions measured for waveguides
cut from wafer B. Spectrum (a) was measured at the Brewster’s angle for a sample cut
from the center of the wafer. The rest of the spectra were measured for waveguides cut
from (b) the center, (c) off-center, (d) middle, and (¢) edge of the wafer. The “middle” is
half way between the center and the edge of the wafer.

spectrum (e) which was measured for a waveguide that was cut from the edge of the
wafer shows two peaks. This indicates that there are two dominant well thicknesses of
the 50 quantum wells. Moreover, the intensity of the peak is reduced for waveguides cut
- from the middle and the edge of the wafer. Another observation in Fig.2.2 is that the
peak position energy of the intersubband transition measured for the waveguides is blue-
shifted as compared to the peak position energy measured at the Brewster’s angle. This
however is opposite to the trend repOrted for GaAs MQWs. 339 but in agreement with
the multiple quantum dot measurements.*’

The total integrated area (I) of the intersubband transition can be related to the
2DEG density (s) according to the following relationship:*!
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where, P is the number of passes in the waveguide, N is the periods of quantum wells, in
this case 50, b is the number of the interfaces per period that contribute polarization-
induced sheet charges (b is taken as 1 for wafer A and 5 for wafers B and C), o is the
2DEG density, L is the well thickness, e is the charge of the electron, h is Planck’s
constant, €, is the permittivity of space, m* is the electron effective mass, c is the speed
of light, n is the refractive index of the quantum well material, and f is the oscillator
strength which is taken as 0.96my/m* for the ground state to the first excited state
transition.*! From Eq. (1) one can estimate o and the results are shown in table I for the
three spectra shown in Fig. 1.
The Fermi energy level (Ep) is also estlmated using the following expression:
_ 2( 2 mZ : "kT

temperature, o3p is the three-dimensional electron density, and E. is the bottom of the
conduction band. The results are shown in table 2.11, where (Ep-E,) is calculated for both
77 and 300K. From the calculated Er and the measured intersubband transition energies,

it is determined that the Fermi Energy level lies between the ground and the first excited
states for both 77 and 300K.

I =

3/2
] e Er=EJ/M  where k is Boltzmann constant, T is the

Table 2.1: The well width, the doping level, the 2DEG density estimated from Eq. (1),
and the Fermi energy level (Eg) with respect to the bottom of the conduction band (Ec)
are listed for the samples shown in Fig. 2.1.

Wafer ~ Well width (A)  [Si] x10"em?) o (x10%cm?) (Ep-Ec) (eV)

77K 300K
A 35 2.80 6.93 0.0761  0.244
B 277 222 5.83 0.0856  0.281
C 13 1.04 15.50 0.0921 0306

From table 2.1, it is clear that the Si-doping level cannot alone account for the
high 2DEG density estimated from the integrated area of the intersubband transitions.
One plausible explanation for the high o values is that the polarization-induced
electrostatic sheet charges at the GaN/AlGaN interfaces***® contribute most of the
electrons in the well. This premise is supported by the fact that a single interface exists in
wafer A (bulk barrier), while there are 5 interfaces per period (one comes from the
quantum well and four come from the superlattice barrier) in wafers B and C. Figure 1
shows a clear evidence that the intensity of the intersubband transition for wafer A is
much smaller than that of the intersubband transitions in wafers B and C. Hence Eq. (1)
was modified by adding the interface factor, b.

The internal quantum efficiency, 1,, for the three samples was calculated from the
absorbance spectra in Fig. 1 according to the following relationship:*’
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No = (I; — )/ I; =[1- - ¢)N-PPy. ®

where I; is the incident light intensity, Iz, = I;(1-¢ )N'P'b , N=50, P=2, b=1 for wafer

A and 5 for wafer B and C, and ( is the fractional absorption per quantum well. £ is
related to the maximum absorbance (Am.x) according the following relationship:
Anax = -logio[(1 - Q)N'P'b]. With the measured values of Ap.x = 0.0795, 0.218, and 0.222
for the three spectra in Fig. 1, one finds §=1.823x10'3, 1.003x103, 1.021x107, for spectra
(a), (b), and (c), respectively. For these values, the quantum efficiency is calculated to be
16.70%, 39.50%, and 45.40% for the three spectra (a), (b), and (c) in Fig. 1, respectively.

In conclusion, the infrared absorbance measurements of the intersubband
transitions in GaN/AlGaN multiple quantum wells are reported for samples with either
bulk or short period superlattice barriers. The two-dimensional electron gas density
formed in the quantum wells was estimated from the total integrated area of the
intersubband transitions and found to be at least two orders of magnitude larger than the
intentional Si-doping level. The large electron density is attributed to the polarization-
induced sheet charges formed at the GaN/AlGaN interfaces. This assertion was
confirmed by the observation of the low (high) value of the integrated area of
intersubband transition in samples with AlGaN bulk (GaN/AlGaN superlattice) barriers.
The internal quantum efficiency was estimated for the intersubband transition and it was
found that samples with superlattice barriers possess higher quantum efficiency as
compared to samples with bulk AlGaN barriers.

3. Photoluminescence of metalorganic chemical vapor deposition grown
GaInNAs/GaAs single quantum wells

Photoluminescence (PL) spectra of interband transitions in GaInNAs/GaAs single
quantum wells grown by metalorganic chemical vapor deposition technique on semi-
insulating GaAs substrates were measured at 77 K for several samples grown with
different In composition and dimethylhydrazine (DMH)/III ratios. The results show that
the PL intensity increases as the In mole fraction is increased from 0 to 25%, but the PL
intensity is degraded for samples with an In mole fraction of 30% or higher. The peak
position energies of the PL spectra were investigated as a function of the DMH/III ratio.
Thermal annealing effect induced a blue-shift in the PL spectra peak position energy in
samples grown with high DMH/III ratio. ,

Diluted or small band gap nitrides semiconductors such as GaInNAs and GaNAs
are currently being investigated for their optoelectronic applications such as 1.3 and 1.55
pum emitters used for optical communication. Devices based on this class of materials
possess advantages over other material systems. For example, the higher temperature
characteristic GaInNAs/GaAs lasers provides an advantage over the GaIlnPAs/InP lasers.
The InGaNAs/GaAs system has a larger conduction band offset, which provides a higher
quantum confinement.*® The GaInNAs-based systems is grown on GaAs substrate which
is more robust substrates as compared to the InP substrates. Bragg reflectors are easy to
fabricate for GaInNAs/GaAs vertical cavity surface emitting lasers compared to
GaInPAs/InP Bragg reflectors.” The investigation of GalnNAs/GaAs system was
motivated by the fabrication of light emitters that can cover the entire visible spectral




range based on the direct band-gap materials. Recently, emission was observed in
GaInNAs/GaAs quantum wells (see for example Refs. 50-54) and quantum dots (see for
example Refs. 55-57). Thermal annealing effect on the photoluminescence spectra was
also investigated by various groups (see for example Refs. 51, 58-61). From various
reports on the growth and characterization of the InGaNAs/GaAs system, it is realized
that nitrogen incorporation leads to a number of properties that were found to be
attractive for device applications.

In this section, we report on the photoluminescence (PL) of GalnNAs/GaAs
single quantum wells grown on semi-insulating GaAs substrates. The PL spectra were
investigated at 77K as a function of In composition, dimethylhydrazine (DMH)/III ratios,
and thermal annealing. The PL intensity, full width at half maximum, and the peak
position energy were all found to strongly depend on the incorporation of In and N atoms.

The structures were grown by atmospheric-pressure metalorganic vapor phase
epitaxy at 570 °C on semi-insulating GaAs oriented 2 degrees from (100) to (110).
Trimethylgallium, trimethylindium, arsine, and dimethylhydrazine (DMH) were used as
precursors. The growth rate was 5 microns/h for the GaInNAs active layers. The N
content was changed for the various samples by varying the DMH source flow rate. As
described by the quantity DMH/III, the ratio of DMH to group-III flows injected into the
reactor. The GaInNAs active layers were 100 A thick, and were cladded on both sides by
GaAs doped n-type with silicon from disilane precursor. After the growth of each
structure was completed but before it was removed from the reactor, it was annealed
under arsine for 30 minutes at 650 °C. A few samples were annealed for 10 minutes at
750 °C under arsine in the metal-organic chemical vapor deposition (MOCVD) reactor.
The arsine flow rate during the anneal was 30 standard cubic centimeters per minute
(sccm). For comparison, the actual growth of all the original epilayers was done with an
arsine flow of 1.9 sccm. Additional samples were annealed at 800 °C with no arsine, but
with a GaAs wafer lying face-down on the epilayer as a proximity cap. The
InGaAs/GaAs single quantum well samples were grown on semi-insulating GaAs
substrates in a molecular beam epitaxy (MBE) chamber. The Growth temperature was
585 °C and the samples were post-growth annealed at 600 °C for 10 minutes. The PL
spectra were recorded using BOMEM DAS spectrometer in conjunction with continuous
flow cryostat. '

Photoluminescence spectra obtained for several samples are shown in Fig. 3.1. .
The In mole fraction was fixed for all nine samples, shown in the figure, at 7% while the
DMH/III ratio varied as shown in the inset. Sample number 1 does not contain any N
(DMH/III ratio is zero) and since the conduction band offset is very small in this sample,
its PL spectrum is very weak due to the low quantum confinement. As the N
concentration is increased, which is reflected by the increase of the DMH/III ration, the
quality of the PL spectra is significantly improved as shown in samples number 2, 3, and
4. The intensity of the PL spectra is degraded as the DMH/III ratio increased above 71.
However, the peak position energy of the PL spectra continues to show a red-shift as the
DMH/III ratio is increased while the intensity of the PL spectra continues to decrease.
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Fig. 3.1. Photoluminescence spectra obtained at 77K for several Gay.3ng.0;NAs/GaAs
single quantum well samples as a function of DMH/III ratio. The inset is a table showing
the sample numbers and their MDH/III ratios

The PL spectra were also investigated as a function of the In mole fraction.
Several spectra are shown in Fig. 3.2 for both samples grown by MOCVD and MBE
techniques. The N free samples (samples number 10, 11, 12, and 18) were grown by the
MBE technique. The inset in this figure is the table that shows the In mole fraction and
the DMH/III ratio for the samples. We noted a few observation in this figure. First, the
intensity of the PL spectra for the GalnAs samples (MBE samples) is increased as the In
mole fraction is increased. This behavior can be understood in terms of the quantum
confinement, which is increased as the In mole fraction is increased. Second, the PL
spectrum for GalnAs sample number 18 is very week and broad as compared to the PL
spectra labeled 10, 11, and 12. This may be due to the degradation of the interfaces (In
segregation at the interfaces) as the In mole fraction is increased beyond 25%. Third, the
intensities of the PL spectra for the samples that contained N (spectra labeled 13, 14, and
15) are very weak. However, upon increasing the In composition to 30%, the intensities
of the spectra are increased as shown in the spectra labeled 16 and 17. The spectra
labeled 16 and 17 are taken for the samples that contain 30% In with DMH/III ratios of
47 and 71, respectively. Even though the DMH/III ratio is increased from 47 to 71, the
PL spectrum for sample number 17 is only slightly shifted. This behavior strongly
suggest that N atoms reached a point that cannot be incorporated any further by
increasing the DMH/III ratio. Fourth, the intensities of the PL spectra labeled 16 and 17
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Fig. 3.2. Photoluminescence spectra obtained at 77K for several GalnNAs/GaAs single
quantum well samples as a function of In mole fraction and DMH/III ratio. The inset is a
table showing the sample numbers and their In compositions and MDH/III ratios.

are stronger than those labeled 13, 14, and 15. This indicates that the quality of the
samples is improved as the In mole fraction is increased in the GaInNAs single quantum
wells. '

The peak position energy of the PL spectra for Gag g3Ing ¢7NAs/GaAs samples was
plotted as a function of DMH/III ratio as shown in Fig. 3.3. It is clear from this figure
that the data exhibit a large bowing factor as compared to the almost linear behavior of
the band gap of InGaAs as a function of In mole fraction.’ The relative integrated
intensity and the full width at half maximum (FWHM) of the PL spectra were also
investigated for Gay g3Ing o7NAs/GaAs samples as a function DMH/III ratio. The results
are shown in Fig. 3.4. The relative integrated intensity is initially increased and then
decreased as a function of the DMH/III ratio. On the other hand, the FWHM is increased
with DMH/III ratio and then leveled as the ratio is increased above 100.
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Fig. 3.3. Peak position energies of the PL spectra obtained at 77K for several

Gao.93Ing.07NAs/GaAs single quantum well samples as a function of DMH/III ratio.

Post growth thermal annealing (either rapid thermal or furnace annealing) studies have
shown that the intensity of the PL spectra can be improved when GaInNAs samples are
annealed at temperature higher than the growth temperature.>® > *> ¢ On the other
hand, the peak position energy of the PL spectra where shown to shift toward higher
energies.5 1, 54,56, 58, 39, 61, 63 [y the present investigation, we annealed a Gago3Ingg7NAs
sample, grown with a DMH/III ratio of 119, at 750 °C and 800 °C for 10 minutes and the
results are shown in Fig. 3.5. The results in this figure indicates that the intensity of the
PL spectrum is reduced after thermal annealing at 750 °C and completely washed out
after annealing the sample at 800 °C. The broad PL band observed at higher wavelength
in the spectra is most likely due to emission from N-N centers formed in the sample. The
peak position energy is also blue-shifted in a good agreement with other studies.”’ 3 365
The blue-shift observed in the PL spectrum of the sample after annealing is perhaps due
to degradation of the interfaces that caused by intermixing.
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Fig. 3.5. Post growth thermal annealing effect on the PL spectrum of a
Gag 93Ing ;7NAs/GaAs single quantum well sample grown with a DMH/III ratio of 119.
The sample was annealed for 10 minutes at each annealing temperature of T,=750 °C and
800 °C. The spectra were measured at 77K.
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In conclusion, we investigated the PL spectra of various GaInNAs/GaAs single
quantum well samples grown under different conditions. The PL intensity is improved as
the DMH/III ratio is increased from 0 to about 50 and then starts to decrease as this ratio
continues to increase above 50. The quality of the PL spectra was shown to degrade as
the N mole fraction, which manifest itself in the DMH/III ratio, is increased. In
Gag7Ing3sNAs samples, the PL intensity and peak position remains the same as the
DMH/III ratio is changed from 47 to 71, which indicates that N atoms do not seem to
incorporate in a substitutional crystal sites above certain DMH/III ratio. The peak
position energy of the PL spectra obtained for a set of Gag g3Ing ¢7NAs/GaAs samples was
investigated as a function of the MDH/III ratio. Post-growth thermal annealing shows
that, in addition to the reduction of the intensity, the peak position energy of the PL
spectra are blue-shifted.
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